Ca2*-regulated protein kinases play critical roles in long-term potentiation (LTP). To understand the role of Ca2*/calmodulin (CAM) signaling pathways in synaptic transmission better, Ca2÷ICaM was injected into hippocampal CA1 neurons. Ca=*/CaM induced significant potentiation of excitatory synaptic responses, which was blocked by coinjection of a CaM-binding peptide and was not induced by injections of Ca 2+ or CaM alone. Reciprocal experiments demonstrated that Ca2*/CaM-induced synaptic potentiation and tetanusinduced LTP occluded one another. Pseudosubatrate inhibitors or high-affinity substrates of CaMKII or PKC blocked Ca=*lCaM-induced potentiation, indicating the requirement of CaMKII and PKC activities in synaptic potentiation. We suggest that postsynaptic levels of free Ca=+ICaM is a rate limiting factor and that functional cross-talk between Ca=*/CaM and PKC pathways occurs during the induction of LTP.
Introduction
Long-term potentiation (LTP) is a striking form of synaptic plasticity exhibiting increased synaptic efficacy induced by high frequency presynaptic stimulation in mammalian brain and is believed to be a synaptic analog of long-lasting memory (Bliss and Collingridge, 1993; Bliss and Lynch, 1988; Malenka and N icoll, 1993) . Although an understanding of the molecular events responsible for LTP expression and their cellular location is incomplete, it is believed that the processes contributing to LTP induction are mainly postsynaptic (Bliss and Collingridge, 1993; Bliss and Lynch, 1988; Collingridge and Bliss, 1987; Kauer et al., 1988; Madison et al., 1991 ; Malenka and N icoll, 1993) and require the activities of several protein kinases (Abeliovich et al., 1993; Akers et al., 1986; Feng and Wang, 1992; Frey et al., 1993; Fukunaga et al., 1993; Grant et al., 1992; Klann et al., 1993; Mackler et al., 1992; Malenka et al., 1989; Malinow et al., 1989; Matthies and Reymann, 1993; O'Dell et al., 1991; Sacktor et al., 1993; Silva et al., 1992; Thomas et al., 1994; Wang and Feng, 1992; Zhuo et al., 1994) . In addition to manipulating enzyme activities with inhibitors or gene knockouts and monitoring changes in kinase activity and gene expression, an equally important strategy in LTP studies is testing whether protocols that activate different enzymes are sufficient to induce changes in synaptic efficacy to support their critical role in LTP induction. There are relatively few studies in which protein kinases or their activators have been specifically injected into post-or presynaptic neurons (Hu et al., 1987; Malenka et al., 1988; Pettit et al., 1994; Wang and Feng, 1992) to simulate different properties of LTP and eventually elucidate the cellular location of LTP expression.
Only transient increases in postsynaptic free Ca 2+ are required to trigger LTP induction (Malenka et al., 1992; Muller and Connor, 1991; Perkel et al., 1993; Regehr et al., 1989; Regehr and Tank, 1990 ) and the activities of many Ca2+-regulated enzymes are involved in LTP (Abeliovich et al., 1993; Akers et al., 1986; Choi et al., 1993; Feng and Wang, 1992; Fukunaga et al., 1993; Klann et al., 1993; Lisman, t994; Mackler et al., 1992; Malenka et al., 1989; Malinow et al., 1989; Sacktor et al., 1993; Silva et al., 1992; Thomas et al., 1994; Wang and Feng, 1992) . What kind of molecular mechanisms participate in maintaining their persistent activities? In addition to kinase autophosphorylation (Flint et al., 1990; Lisman and Goldring, 1988; Miller and Kennedy, 1986; Saitoh and Schwartz, 1985) , one possibility is the requirement of a series of cooperative interactions among protein kinases. Thus, it is important to elucidate the degree to which different protein kinase pathways interact or act independent of each other. To understand the integration of molecular events responsible for synaptic potentiation better, we have examined the effects of postsynaptic injections of Ca2+/calmodulin (CAM) alone or Ca2+/CaM plus specific modulators of Ca2+/CaM-dependent protein kinase II (CaMKII), protein kinase C (PKC), and protein kinase A (PKA).
Results

Postsynaptic Injection of Ca2*/CaM Enhances Excitatory Synaptic Transmission
Whole-cell current-clamp and voltage-clamp using sharp electrodes in combination with simultaneous field potential recordings were used to monitor synaptic transmission of CA1 neurons in hippocampal slice. Microelectrodes were used instead of patch pipettes because the former often allow longer and more stable recordings, reduce the wash-out of cytoplasmic constituents, and allow more gradual injections of protein and peptide modulators of cellular enzymes. The injection of Ca2+/CaM (200 I~M Ca 2+ plus 20 I~M CaM in microelectrodes) into postsynaptic CA1 pyramidal neurons by passive diffusion produced a gradual and robust increase in both initial slope and amplitude of excitatory postsynaptic potentials (EPSPs) and excitatory postsynaptic currents (EPSCs; Figures 1A, 1B Figure 1A shows that Ca2+/CaM injections into postsynaptic neurons induced a significant increase in EPSP slopes that reached a maximum at 35-40 min with an average value of 65% _+ 10% (mean _ SEM; n = 14; p < .01, t test). Tetanic stimulation given after 60 min induced no additional synaptic potentiation (n = 7); the average value of posttetanic potentiation was 147% _+ 28% (data not shown). In current-clamp experiments, the magnitude of Ca2*/CaM-induced potentiation decreased following tetanic stimulation ( Figure 1A) , which was not seen in voltage-clamp experiments (Figure 1 B; see below) . The reason for this decrease is not known. Tetani were not given in certain experiments (n = 3), and Ca2÷/CaMinduced potentiation was nondecremental for 120 min (values ranged from 40% to 100% at 120 min; data not shown). In control experiments, EPSP slopes remained constant for 60 min (101% _+ 5% relative to baseline), at which time tetanic stimulation induced LTP (37% + 3% potentiation; n = 4) that was nondecremental for 40 min ( Figure 1A shows only the initial 20 min).
EPSPs are often believed to represent pure excitatory synaptic events; however, under current-clamp conditions it is difficult to rule out possible contamination by GABAAmediated fast inhibitory postsynaptic potentials produced by interneurons making synapses on cell bodies and proximal dendrites of pyramidal neurons (Buhl et al., 1994; Sik et al., 1994; Thurbon et al., 1994) . Moreover, fluctuations in membrane potential could result in inaccurate measurement of EPSPs. To reduce these problems, discontinuous single-electrode voltage clamp was used to hold membrane potentials at-77 mV, which approximates the reversal potential of GABAA currents (Buhl et al., 1994; Sik et al., 1994; Thurbon et al., 1994 ; also see Experimental Procedures). Under voltage-clamp conditions, Ca2+/CaM induced substantial enhancements of EPSCs after 35-40 min (52% _ 4% potentiation), with no additional potentiation following tetanic stimulation (n = 6; Figure 1B ). Field EPSPs simultaneously recorded during some current-and voltage-clamp experiments exhibited stable synaptic transmission for 60 min, followed by tetanus-induced LTP (38% _+ 9% potentiation; n = 7; Figure 1C ).
To examine further any contribution of GABAA-and GABAs-mediated inhibitory components to Ca2+/CaMinduced potentiation of EPSPs or EPSCs, current-clamp experiments were conducted in the presence of GABAergic antagonists. A mixture of 10 p.M bicucullin, 10 p.M picrotoxin, and 200 p.M phaclofen was added to the perfusing solution to block GABAA and GABAB receptor activities (see Experimental Procedures). Under this condition, the injection of Ca2+/CaM into postsynaptic neurons (100 I~M , with no additional potentiation following tetanic stimulation (n = 7). Field EPSPs recorded during these experiments exhibited stable synaptic transmission, followed by tetanus-induced LTP (72% -9% potentiation, n = 7; Figure 1E ). Input resistance did not substantially change during current-clamp experiments (n = 13; Figure 1F ; see waveforms in Figures 1A and 1D ). Taken together, these results demonstrate that Ca2+/CaM reliably enhances excitatory synaptic transmission in healthy CA1 hippocampal neurons.
Synaptic Potentiation Is Not Induced by Ca =* or CaM Alone
To examine further the properties of Ca2+/CaM-induced synaptic potentiation, a number of controls were conducted. Since initial experiments employed Ca2+/CaM mixtures in which Ca 2* was present at a 120 I*M excess over CaM, 120 p.M Ca 2+ was added to microelectrodes and produced little if any change in EPSP slopes after 55-60 min (4°/0 _ 4%, n = 12; p> .1 ; Figure2A). In addition, neurons impaled with microelectrodes containing CaM (20 I~M) without Ca 2÷ exhibited 10% _+ 7% increase in EPSP slopes after 55-60 min (n = 12; p > .1; Figure 2B ). Differences between experiments injecting Ca2*/CaM versus Ca 2÷ or CaM alone were significant (p < .01; Mann-Whitney rank-sum test). To determine whether Ca2÷/CaM-induced potentiation of EPSPs can be induced by stoichiometric ratios of Ca2+/CaM (i.e., 1 CaM per 4 Ca2+), experiments were performed by injecting stoichiometric Ca2÷/CaM mixtures (80 and 20 I~M, respectively). These experiments showed an increase of EPSC slopes that averaged 57% _ 11% over baseline at 40 min (n = 4; Figure 2C ). Finally, to test the specificity of Ca2÷/CaM potentiation, a specific high affinity CaM-binding peptide (CBP; 40 p.M in microelectrode; Hanley et al., 1988; Kelly et al., 1989) was coinjected with the standard Ca2*/CaM mixture (200 I~M/20 I~M). This protocol produced no significant changes (p > .1) in EPSP slopes after 55-60 min (99% _.+ 6% relative to baseline; Figure 2D ). Moreover, tetanic stimulation 60 rnin after impalement failed to induce additional synaptic potentiation (n = 9; Figure 2D ). Since CBP should combine with Ca2*/CaM complexes at 1:1 molar ratio, it is reasonable to assume that 40 I~M CBP in the microelctrode was sufficient to saturate 20 tIM Ca2+/CaM complex; the residual 20 p.M CBP may diffuse into the neuron to combine with endogenous free Ca2+/CaM, which appeared sufficient to block Ca2+/CaM-induced synaptic potentiation and tetanus-induced LTP.
Tetanus-Induced LTP Occludes Ca2+/CaM-Induced Synaptic Potentiation
Since postsynaptic injections of Ca2÷/CaM potentiated synaptic transmission (see Figure 1 ) and CaM antagonists block tetanus-induced LTP (Malenka et al., 1989) , occlusion experiments Malenka et al., 1986; Muller et al., 1988; Wang and Feng, 1992) were conducted to examine the relationship between the two. Figures 1A, 1B , and 1D show that Ca2+/CaM-induced synaptic potentiation blocked tetanus-induced LTP under current-or voltage-clamp conditions. To test the reciprocal occlusion between tetanus-and Ca2*/CaM-induced synaptic potentiation, a protocol was used that alternately stim ulated two independent pathways (P1, P2) (Bradler and Barrionuevo, 1989 ; also see Experimental Procedures and waveforms in Figure 3A ) and sequentially recorded intra- , tetani (arrow) were delivered to Pt, and LTP was monitored for 40 min. The KAc microelectrode was then withdrawn, and a second nearby neuron was impaled at approximately 60 min with a microelectrode containing Ca2*/CaM; stable intracellular recordings were obtained within 2 min. EPSPs from two pathways (first or second neuron) were normalized to the initial six EPSPs (0.1 Hz) recorded at the beginning of each experiment (dotted baseline). The positions of stimulating and field recording electrodes were not changed during the experiment, and the stimulus intensity was held constant for P1 and P2. At 120 min, a second tetanus (arrow) was delivered to P2 and produced no additional potentiation. Inset (a) shows representative EPSPs for P1 and P2 at indicated times (1-4) (calibration, 15 mV/20 ms). Inset (b) shows EPSP slopes from P2 versus P1 recorded with the Ca~*/CaM-containing microelectrode from the second neuron; data has been replotted and normalized to values of the first data point of each pathway in the second half of the experiment. (C) Tetanus LTP in extracellular field EPSP slopes (normalized) in P1 (circles) or P2 (squares) (calibration 1.5 mV/15 ms).
cellular EPSPs from two neurons, while measuring field potentials throughout each experiment ( Figure 3A) . At the start of each experiment (n = 9), a neuron was impaled with a microelectrode containing 2 M KAc, and tetanic stimulation was delivered to P1; LTP in P1 (45% ___ 8% potentiation; Figure 3B , open circles)was nondecremental for approximately 40 min, whereas P2 showed little if any potentiation (6% _+ 4%; n = 9). Extracellular recordings showed that LTP was induced only in P1 ( Figure 3C ). Next, a microelectrode containing Ca2+/CaM was used to impale a second nearby neuron, and synaptic responses in P1 and P2 were measured for an additional 60 min and normalized by the first data points recorded for the two pathways in the first neuron, respectively. EPSP slopes recorded in the pretetanized P1 showing LTP expression displayed little if any change during the final 60 min of each experiment ( Figure 3B , closed circles). In contrast, responses in the naive pathway (P2, closed squares) showed significant increases over 60 min (51o/o _ 11%; n = 9). Inset (b) in Figure 3B shows the replotted EPSP slopes for P1 (circles) and P2 (squares) normalized relative to the first data points recorded for the two pathways in the second half of occlusion experiments; changes in the normalized values for the two pathway responses in the second half of experiments were 51% _+ 11% (P2) vs. 1% _.+ 3% (P1). Furthermore, statistical comparison showed that Ca2+/CaM-induced potentiation in P2 was significantly different from EPSP slopes in the pretetanized pathway (p < .01). These results show that tetanusinduced LTP occluded Ca2*/CaM-induced potentiation. Near the end of these experiments, a tetanus given to P2 did not produce any additional potentiation, confirming results in Figures 1A, 1B , and 1D. Field potential recordings showed that tetanus LTP was sequentially induced in P1 (39% + 2% potentiation, circles) and then in P2 (43_+ 3% potentiation, squares; n = 9; Figure 3C ).
Ca=+/CeM-Induced Synaptic Potentiation Is Blocked by Modulators of CaMKII Activity
Occlusion experiments indicated that tetanus-induced LTP and Ca2÷/CaM-induced synaptic potentiation share a common cellular mechanism(s). Our results suggest that increases in postsynaptic Ca2+/CaM and subsequent activation of target proteins are sufficient to induce LTP. To examine the identity of targets directly and/or indirectly activated by Ca2+/CaM, first, we examined theinvolvement of postsynaptic CaMKII, since its activity is believed to be necessary for tetanus LTP Fukunaga et al., 1993; Malenka et al., 1989; Malinow et al., 1989; Silva et al., 1992; Thomas et al., 1994) . Figure 4 shows that [Ala-286]CaMKII28,_3o2 (200 p.M in microelectrode), a pseudosubstrate inhibitor of CaMKII that does not bind CaM (Hanson et al., 1994; Ocorr and Schulman, 1991) , blocked Ca2+/CaM-induced potentiation under current-clamp (99°/0 --9o/0 relative to baseline; n = 13; Figure  4A ) or voltage-clamp conditions (98% _+ 10% relative to baseline; n = 6; Figure 4B Time (min) palement ( Figures 4A and 4B ). Field potential recordings in these same slices demonstrated that tetanic stimulation reliably induced LTP after the 60 min baseline period (34% ± 2% potentiation; n = 6; Figure 4C ). We also examined the action of the specific high affinity CaMKII substrate peptide autocamtide-3 (Hanson et al., 1994; Ocorr and Schulman, 1991) . Autocamtide-3 is expected to act as a competitive substrate for active CaMKII in postsynaptic neurons and inhibit the phosphorylation of its natural substrates. The addition of 200 p.M autocamtide-3 to the standard Ca2+/CaM-containing microelectrode blocked Ca2+/CaM-induced potentiation, as well as subsequent tetanus-induced LTP; results using currentclamp (98% ± 4% relative to baseline; n = 12; Figure  4D ) or voltage-clamp (107% ± 12% relative to baseline; n = 6; Figure 4E ) were similar. Slice viability was good as determined by the efficacy of a tetanus to induce LTP in field recordings (38% ± 5% potentiation; n = 7; Figure  41= ). These results indicate that postsynaptic CaMKII activity is required during Ca2+/CaM-induced synaptic potentiation.
Ca=*/CaM-Induced Synaptic Potentiation Is Blocked by Modulators of PKC Activity
Since occlusion results suggested that tetanus-induced LTP and Ca2+/CaM-induced synaptic potentiation shared a common cellular mechanism(s), and LTP induction is believed to require postsynaptic PKC activity (Abeliovich et al., 1993; Akers et at., 1986; Malinow et al., 1989; Thomas et al., 1994; Wang and Feng, 1992) , we examined the role of PKC in Ca2÷/CaM-induced potentiation using a pseudosubstrate inhibitor of PKC (PKC19-31; House and Kemp, 1987) or a specific high affinity substrate peptide based on the PKC phosphorylation site in neurogranin . The addition of 100 I~M PKC19-31, which does not bind CaM, to the standard Ca2÷/CaM-containing microelectrode blocked Ca2+/CaM-induced potentiation under current-clamp (97% ± 3% relative to baseline; n = 12; Figure 5A ) or voltage-clamp conditions (102% __ 7% relative to baseline; n --12; Figure 5B ). PKC19-31 also blocked subsequent tetanus-induced LTP 60 min after impalement ( Figures 5A and 5B) . Field potential recordings in these same slices demonstrated that tetanic stimulation reliably induced LTP after a 60 min baseline period (37% ± 2% potentiation; n = 6; Figure 5C ).
The addition of neurogranin28_~ (200 I~M) to the standard Ca2+/CaM-containing microelectrode also blocked Ca2÷/ CaM-induced potentiation; results using current-clamp (103% _+ 5% relative to baseline; n = 12; Figure 5D ) or voltage-clamp (101% ± 2% relative to baseline; n = 6; Figure 5E ) were similar. Neurogranin28_,~ blocked tetanus- induced LTP 60 min after impalement (Figures 5D and 5E) . Slice viability in these experiments was verified using field potential recordings that monitored tetanus-induced LTP (36% + 2% potentiation; n --7; Figure 5F ). Results from injections of Ca2+/CaM alone versus Ca2+/CaM plus PKC,9-31 or Ca2+/CaM plus neurogranin2e_43 were significantly different (p < .01). The results suggest that the activity of postsynaptic PKC is necessary for Ca2+/CaMinduced synaptic potentiation.
Is PKA Involved in Ca=*/CaM-Induced Potentiation?
In addition to activating protein kinases, Ca2÷/CaM also modulates a wide spectrum of postsynaptic enzymes, including phosphatases, phosphodiesterases, cyclic nucleotide-modulated ion channels, IP3 kinase, transcription factors, and retrograde messengers (Bachs et al., 1992; Choi et al., 1993; Klee, 1991; Liu et al., 1994; Rasmussen and Means, 1989 ). An important pathway activated by Ca2÷/CaM is type 1/111 adenylate cyclases (Choi et al., 1993; Klee, 1991; Rasmussen and Means, 1989) , which is a prerequisite to PKA activation. Previous results suggested that PKA activity is necessary for the late expression phase of LTP (Frey et al., 1993) . We examined the effects of two PKA inhibitors, PKI8-22 (Ki ~ 1.7 nM; Glass et al., 1989) and Rp-8-CMT-cAMPs (a cAMP analog resistant to phosphodiesterases; Dostmann et al., 1990) , on Ca2÷/CaMinduced synaptic potentiation. Figure 6 shows that the addition of PKI6-22 (1-25 p.M in electrode), or PKI6-22 (1 pM) plus Rp-8-CMT-cAMPs (1 mM), to the standard Ca2÷/CaM microelectrode had no significant effect on Ca2÷/CaMinduced potentiation (n = 12). However, the coinjection of a very high concentration of PKI6-22 (100 p,M; -5 x 104 times greater than its K~) plus 1 mM Rp-8-CMT-cAMPs produced capricious effects on Ca2+/CaM-induced synaptic potentiation. We observed normal Ca2*/CaM-induced potentiation in one neuron (over 50% potentiation), whereas in three neurons, EPSP slopes increased 300/o -40% at 20-25 min after injection, subsequently returned to baseline values, and became depressed (200/0-30%) over the next 30-40 min (data not shown). The latter result suggests that high concentrations of PKA inhibitors have nonspecific effects on synaptic transmission. Our results do not imply that injected Ca2*/CaM does not activate type 1/111 adenylate cyclases, which could then stimulate PKA (Choi et al., 1993; Klee, 1991; Rasmussen and Means, 1989) ; however, they suggest that the functional expres- sion of a PKA pathway is not required for the early stage of Ca2+/CaM-induced synaptic potentiation, which agrees with other studies showing an important role of this pathway in the late versus early stages of tetanus-induced LTP (Frey et al., 1993; Matthies and Reymann, 1993; Wu et al., 1995) .
Discussion
Our results show that the postsynaptic injection of stoichiometric ratios of Ca2+/CaM into CA1 pyramidal neurons is sufficient to induce significant enhancements of excitatory synaptic transmission. This potentiation is observed under voltage-clamp conditions and in the presence of GABAergic antagonists. Ca2÷/CaM-induced synaptic potentiation is blocked by the coinjection of a CaM-binding peptide and does not occur during injections of Ca 2+ or CaM alone.
Reciprocal occlusion results indicate that Ca2+/CaMinduced synaptic potentiation and tetanus-induced LTP share similar postsynaptic mechanisms. Thus, we believe that increases in postsynaptic Ca2÷/CaM and the subsequent stimulation of Ca2+/CaM-dependent pathways are critical for the potentiation of excitable synaptic transmission, which supports previous reports showing that CaM antagonists or inhibitors of Ca2+/CaM-dependent enzymes block LTP Malenka et al., 1989; Malinow et al., 1989) . Neurons contain appreciable Ca 2÷ and very high concentrations of CaM (30 pM; Carafoli, 1987) ; however, Ca 2÷ is mostly sequestered in intracellular Ca 2+ storage pools and/or Ca2+-binding proteins, and CaM is bound to a diverse spectrum of CaM-binding proteins (Amundson and Clapham, 1993; Tsien and Tsien, 1990; Hanson et al., 1994; Ocorr and Schulman, 1991) . Thus, under basal conditions, the levels of free Ca 2÷ and CaM are believed to be extremely low. The finding that postsynaptic injections of Ca 2÷ or CaM alone did not produce significant increases in synaptic responses suggests that the levels of free Ca2+/ CaM formed by endogenous CaM or Ca 2+ combining with injected Ca 2+ or CaM are subthreshold for inducing synaptic potentiation. It is doubtful that the postsynaptic injection of Ca2+/CaM by passive diffusion via microelectrodes produced significant increases in the total Ca 2+ and CaM contents of a neuron; however, it may increase the level of free Ca2+/CaM above the threshold necessary to activate mechanisms required for synaptic potentiation. These results, together the finding that coinjection of Ca2+/CaM with CBP produced no synaptic potentiation, suggest that the levels of free Ca2+/CaM in postsynaptic neurons may be a rate-limiting factor in triggering LTP induction.
Ca2+/CaM-induced synaptic potentiation may be an important model for understanding mechanisms responsible for LTP induction and elucidating interactions (cross-talk) among different enzymatic pathways. We have shown that CaMKII281_3o2, a pseudosubstrate inhibitor of CaMKII, blocks Ca2÷/CaM-induced potentiation, which is consistent with the ability of this inhibitor to block tetanus-LTP Malinow et al., 1989) . Recent results suggest that high concentrations of [Ala-286]-CaMKII2el-3o2 (3 mM in sharp electrodes) block LTP induction by inhibiting PKC (Hvalby et al., 1994) ; however, our results show that this inhibitor effectively blocks both Ca2+/ CaM potentiation and tetanus LTP at 200 pM. Our conclusion that autocamtide-3 blocks Ca2+/CaM-induced potentiation and subsequent tetanus-induced LTP provides additional evidence for a critical role of CaMKII activity in synaptic potentiation and LTP.
Postsynaptic injections of PKC19-3~ or neurogranin28-43 blocked Ca2÷/CaM-induced potentiation. This indicates that PKC activity is required for Ca2÷/CaM-induced potentiation, as has been shown for tetanus LTP, and suggests that Ca2+/CaM pathways corn municate positively to PKC. To our knowledge, there is no direct mechanism by which Ca2+/CaM activates PKC. Paradoxically, in vitro results suggest that Ca2÷/CaM can inhibit PKC activity (McDonald and Walsh, 1985; Saitoh and Dobkins, 1985) . It is possible that PKC and CaMKII pathways are parallel, which is supported by the observations that PKC or CaMKII activation is sufficient to induce synaptic potentiation similar to LTP (Hu et al., 1987; Pettit et al., 1994; Wang and Feng, 1992) . Alternatively, studies have shown that a-amino-3-hydroxy-5-methyl-4-isoxazole proprinate /kainate currents are regulated by CaMKII or PKC in dissociated neurons (McGlade-McCulloh et al., 1993; Tan et al., 1994; Wang et al., 1994) , suggesting that these kinases could converge by phosphorylating the same substrate(s). Conversely, there is evidence indicating that PKC can cross-talk with CaMKII. For example, synaptic potentiation induced by the postsynaptic injection of phorbol ester is attenuated by the coinjection of a CaMKII inhibitor , and stimulation of hippocampal slices with phorbol ester increases the phosphorylation of synapsin I by PKA and CaMKII (Browning and Dudek, 1992; MacNicol and Schulman, 1992) . Moreover, PKC can phosphorylate CaMKII in vitro (Waxham and Aronowski, 1993) , and the activation of PKC and subsequent phosphorylation of neuromodulin decreases the affinity of the latter for CaM, thus making more CaM available to activate CaMKII (Alexander et al., 1987) . Although the precise interactions between CaMKII and PKC during synaptic potentiation have not been elucidated, our results suggest that they have functional cross-talk.
Experimental Procedures
Transverse hippocampal slices were prepared from male Harlan Sprague-Dawley rats (6-7 weeks old). Slices were placed in ice-cold standard medium (gassed with 95% O215o/o CO2), incubated at 25°C for >1 hr, and transferred to a submersion chamber (31°C; flow rate, 2 ml/min). Standard medium contained 124 mM NaCI, 3 mM KCI, 1.3 mM NaH2PO4, 26 mM NaHCO3, 1.3 mM MgCI2, 2.4 mM CaCI2, 10 mM dextrose, and 10 mM HEPES (pH 7.25). To reduce the effects of GABAA-and GABAe-mediated inhibitory components on excitable synaptic transmission, the partial experiments were conducted under the condition that perfusing solution contained 10 p.M bicucullin and 10 pM picrotoxin to block GABAA receptor and 200 I~M phaclofen to block GABAe receptor activities. During these experiments, certain parameters were changed to reduce neuronal hyperexcitability in the presence of GABAergic antagonists. First, presynaptic axons were stimulated in the retrograde direction; second, the concentration of Mg ~* was increased to 2.4 mM; and third, the stimulus intensity was reduced to approximately half of normal. Under these conditions, we never observed seizure activity during Ca=*/CaM injections; complex waveforms were only apparent after tetanic stimulation (see inset in Figure 1E ). Bipolar tungsten stimulating electrodes (12 MQ) were positioned in CA1 stratum radiatum; and the independence of pathways in occlusion experiments was verified by the observation that EPSP amplitudes measured from simultaneous stimulation of both pathways approximated the algebraic sum of EPSPs when P1 and P2 were individually stimulated (see experimental configuration [left panel in Figure 3A ] and identification of two separate pathways [right panel in Figure 3A] ). The frequency of pretest and posttest stimuli was 0.1 Hz but 0.033 Hz in the experiments of presence of GABAergic antagonist. Microelectrodes (60-85 M~) filled with 2 M potassium acetate (KAc) were used for intracellular recordings, and glass electrodes containing 1 M NaCI were used for field potential recordings in stratum radiatum.
During the studies, slices subjected to the experimental conditions (e.g., controls vs. Ca2+/CaM injections) were interleaved during daily sessions. Experimental results are based only on neurons in which stable recordings were obtained within the initial 2 min after impalement and that exhibited stable membrane potentials between 70-73 mV throughout an experiment (90-120 min). During voltage-clamp experiments (4 KHz sampling rate), membrane potentials were held at -77 mV (i.e., GABAA reversal potential) to reduce contamination from monosynaptic inhibitory responses. Input resistances were monitored throughout all current-clamp experiments by measuring responses to 0.2 nA injections (32 or 60 ms). Tetani (10 trains of 10 pulses [200 Hz] at 5 s intervals) were delivered at test stimulus intensity. Data were obtained with pClamp 5.5 and analyzed with custom software to compute initial EPSP, EPSC, and field EPSP slopes. Student t tests were used for comparisons within the same treatment at different times, and Mann-Whitney rank-sum tests (Glantz, 1987) were used for comparisons between different treatments at comparable experimental times. All representative waveforms in insets were obtained from the averages of six consecutive preliminary recordings. The data of Ca2*lCaM-induced synaptic potentiation obtained under current-clamp (see Figure 1A) Ca~*/CaM mixtures were prepared from CaCI= and CaM stock solutions and then added to KAc (2 M final concentration). Microelectrodes were filled with Ca2*/CaM/KAc alone or as mixtures with a CBP (KLKGAILTTMLA; Hanley et al., 1988; Kelly et al., 1989) , CaMKII2el_=~ (MHRQEAVDALKKFNARRKLKGA; Ocorr and Schulman, 1991; and Hanson et al., 1994) , autocamtide-3 (KKAHR-QETVDAL; Ocorr and Schulman, 1991; and Hanson et al., 1994) , PKC,~I (RFARKGALRQKNV; House and Kemp, 1987) , neurogranin~j_,~ (AAKIQASFRGHMARKK; Chen et al, 1993) , or PKIs_z2 (TY-AEPIASGRTGRRNA; Glass et al., 1989) . These previous studies have shown no detectable phosphorylation of autocamtide-3 by PKC or PKA; its K~ and Vm= for CaMKII are 0.23 ~M and -9 pmol/min/mg, respectively. Neu rogranin~,3 is not phosphorylated by PKA or CaMKII; its Km and V~ for PKC are 0.15 p_M and 2.4 p~mol/min/mg, respectively; neither autocamtide-3 nor neurogranin2e_~ bind CaM. Picrotoxin and bicucullin were purchased from Sigma and phaclofen from RBI.
